Abstract: C-rich DNAh as the capacity to form at etrastranded structure knowna sa ni -motif.T he i-motifs within genomic DNAh ave been proposed to contribute to the regulation of DNAtranscription. However,direct experimental evidence for the existence of these structures in vivo has been missing. Whether i-motif structures form in complex environment of living cells is not currently known. Herein, using stateof-the-art in-cell NMR spectroscopy, we evaluate the stabilities of i-motif structures in the complex cellular environment. We show that i-motifs formed from naturally occurring C-rich sequences in the human genome are stable and persist in the nuclei of living human cells.O ur data show that i-motif stabilities in vivo are generally distinct from those in vitro.Our results are the first to interlink the stability of DNAi -motifs in vitro with their stability in vivo and provide essential information for the design and development of i-motif-based DNAbiosensors for intracellular applications.
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DNA sequences with stretches of cytidines are abundant in eukaryotic genomes and are overrepresented in biologically important genomic regions such as centromeres,t elomeres, and/or the promoter regions of (onco)genes. [1] Under specific in vitro conditions,t hese sequences can form the so-called imotif,afour-stranded structure consisting of two parallel DNAd uplexes zipped together by the intercalation of protonated cytosine-cytosine (C.C + )b ase pairs (Figure 1 ).
[2]
Only recently,t he i-motifs in promoter and telomeric regions were proposed to be implicated in the regulation of transcription [3] and the integrity of telomeric DNA. [4] However,d espite all available indications of i-motif function in vivo,t he biological relevance of i-motifs has remained am atter of dispute for the following reasons:1 )The lack of direct experimental evidence for the existence of i-motifs in vivo and 2) the very strong dependence of i-motif stability on chemical and physical environmental factors such as pH that generally appear to be incompatible with the parameters of the intracellular space.W hile i-motifs are rather stable in acidic pH, low ionic strength, and dehydrating conditions,the propensity for i-motifs is generally lower under simulated physiological conditions comprising relatively high ionic strength (ca. 200 mm), physiological temperatures (358 8 to 37 8 8Cf or human cells), and near-neutral pH (ca. 7.0). [5] Whether i-motif formation in genomic C-rich DNAi so nly ap eculiarity of its conformational space under specific environmental conditions in vitro and whether the i-motif structure can be formed and remain stable in the presence of the numerous environmental factors present in the complex intracellular milieu of living cells is not currently known.
To evaluate the stability of i-motifs formed from naturally occurring C-rich sequences from the human genome in ac omplex intracellular environment, we employed in-cell NMR spectroscopy [6] of DNAi nl iving human cells.F our [ oligonucleotide constructs,c orresponding to the i-motif forming sequences from DAP, HIF-1a,P DGF-A, and JAZF1 promoter regions [7, 8] from the human genome (see Table 1 ) and displaying the capacity to form i-motif structures in vitro under near-physiological conditions including ionic strength and near-neutral pH, [7, 8] were selected for the in-cell NMR study.
CD spectra of individual constructs acquired as afunction of pH in high-ionic strength (T-) buffer are displayed in the Supporting Information, Figure S1 . Under these conditions and at pH > 7, the CD spectra of all constructs are marked by ap ositive peak at circa 290 nm, which is ac haracteristic spectral marker of i-motif formation ( Figure S1 ). [7] [8] [9] Formation of the i-motif structures in the T-buffer of pH 7.0 for all the constructs was further confirmed by the observation of NMR imino signals at 15-16 ppm, which are specific to imino protons involved in C.C + base pairs [9] (Figures 2a nd 3 ). Individual constructs in the T-buffer were mixed in aratio of 40:1 with covalently modified analogs bearing af luorophore (FAM) at their 5'-terminus (FAM-DAP,F AM-HIF-1a, FAM-PDGF-A, and FAM-JAZF1) and separately transfected into living (human) HeLa cells (for experimental details see the Supporting Information). TheF AM-modified oligonucleotides were to serve as probes to monitor the transfection efficiencya nd localization of transfected DNA constructs in cells using flow cytometry (FCM) and confocal microscopy,r espectively.F or all constructs,t ransfection was highly effective,g enerally more than 97 %o ft he cells were transfected (Figure 2) . Following the transfection, the viability of the cells was assessed by staining with propidium iodide (PI), which specifically stains dead cells or cells with compromised membrane integrity.G enerally,o ver 85 %o f the transfected cells were negative for PI uptake (Figure 2 ). This indicated that the transfections did not compromise cell viability.C ontrol experiments based either on in-cell NMR readout or on the use of pH-sensitive fluorescent probes showed that the transfection of DNAdid not compromise the homeostasis of the intracellular pH (pH i )and that the pH i in the transfected cells is stable over at least 3-4 h( Supporting Information, Figure S2 ). As evidenced by confocal microscopy images,t he model DAP, HIF-1a,P DGF-A, and JAZF1 oligonucleotides entered the cells and spontaneously and quantitatively localized to the cell nucleus (Figure 2) .
After transfection, the cells were evaluated using 1D 1 H in-cell NMR spectroscopy.N otably,f or all oligonucleotides, the imino regions of the resulting in-cell NMR spectra, obtained circa 40 min after transfection, featured evident signals in regions characteristic of imino protons involved in C.C + base pairs,which are indicative of the presence of an imotif structure in vivo (Figure 2) . The1 Ds pectra of extra- Figure S3 ).
Taken together, the in-cell NMR spectra indicated that the individual i-motifs introduced into the cells were stable and persisted in the complex environment of the nuclei of living HeLa cells.However,it must be stressed that in the present experimental setup (see above), preformed imotifs were introduced into the cells. Therefore,w hile the observation of imino signals for C.C + base pairs in in-cell spectra indicates that the i-motif structure is compatible with (and not actively destabilized by) acomplex intracellular environment, it provides no information on the ability of model sequences to form i-motifs in the intracellular space de novo.I tmust also be noted that the temperature employed during the acquisition of the in-cell NMR spectra (20 8 8C) was well below physiological temperatures (35 to 37 8 8C). To evaluate the stability of i-motif structures at physiological temperature in vivo and assess de novo i-motif formation in an intracellular space,weacquired aset of in-cell NMR spectra for individual constructs at elevated temperatures (up to 40 8 8C) and performed temperature-jump experiments by first gradually increasing the temperature from 20 to 40 8 8Ct od estabilize the i-motif structure in vivo and then lowering the temperature back to 20 8 8Ct oi nitiate its refolding (for details,s ee below). Thew ork-flow of the temperature-jump in-cell NMR experiment is schematically presented in the Supporting Information, Figure S5 . As shown in Figure 3 , imino signals at 15-16 ppm, indicative of the presence of imotif structures,w ere present in in-cell NMR spectra for DAP, PDGF-A, and JAZF1 even at 35 8 8C, suggesting that as ignificant population of the folded species (imotif) is present even at physiological temperature.Incontrast, no i-motif-specific signals were detected for the HIF-1a construct. Notably,t he i-motif-specific signals were present in the in-cell NMR spectrum for JAZF1 at 40 8 8C (Figure 3 ). Most importantly,t he intensity of the signals characteristic of i-motif formation for DAP, HIF-1a,P DGF-A, and JAZF1 were restored in the corresponding in-cell NMR spectra upon lowering of the temperature of the in-cell sample back to 20 8 8C ( Figure 3) . Although the time required to acquire the in-cell spectra (30 min or more) does not allow quantitative assessment of i-motif folding kinetics in vivo,the observation that the i-motif-specific signals had the same intensity (at 20 8 8C) observed prior to the temperature unfolding event within 30 min of initiation of the temperature jump (from 40 to 20 8 8C) indicates that the i-motif unfolding/ folding cycle in vivo is reversible.Altogether,our data, for the first time,d irectly demonstrate that DNAi -motifs formed from natively occurring C-rich sequences in the human genome are stable and persist in the native complex environment of live human cells.
As shown in Figure 3 , the intensities of the imino signals in the in-cell NMR spectra for the DAPa nd JAZF1 constructs are perturbed by increasing temperature to an otably lower extent then under the simplistic conditions of high ionicstrength and near-physiological pH, herein represented by the IC buffer.U nder the simplifying assumption that temperature-induced changes in the intensities of the imino NMR signals are primarily determined by the changes in the populations of the C.C + base pairs in the i-motif structure, this observation indicates higher stabilities of the DAPa nd JAZF1 i-motifs in vivo compared to their stabilities in the IC buffer (for experiments validating this assumption see the Supporting Information, Figures S6 and S7 and Commentary S1). While our data do not allow direct identification of the source of this stabilizing effect, it needs to be noted that the stabilization of C.C + base pairs have been previously observed in i-motif DNAu nder conditions simulating the effect of the excluded volume,t hat is,u nder the conditions expected in the intracellular space. [10] To assess the behavior of the DAPa nd JAZF1 i-motif constructs under excludedvolume conditions,w ea cquired CD melting curves and temperature-resolved NMR spectra for the DAPand JAZF1 i-motif constructs in the IC buffer of pH 7.0 supplemented with either with 20 %g lycerol (to emulate volume exclusion by osmotic stress) or 20 %F icoll 70 (to emulate volume exclusion by molecular crowding). TheC Da nd NMR data jointly showed that Ficoll 70, in contrast to the glycerol, stabilized the DAPa nd JAZF1 i-motif structures ( Figure 4 and the Supporting Information, Figure S6 ). In parallel, ac omparison of the temperature-resolved NMR spectra for the DAPa nd JAZF1 constructs acquired in the absence and in the presence of the low-molecular-weight cellular (metabolic) fraction showed that the cellular metabolites did not increase the stability of the i-motif DNA( Supporting Information, Figure S8 ). These observations suggest that one of the factors responsible for stabilization of i-motif structures in vivo might be molecular crowding of the highmolecular-weight co-solutes present in the intracellular space. [10] To conclude,our data suggest that C-rich sequences,such as those recently identified by the groups of Waller [8] and Burrows, [11] displaying the capacity to form i-motifs with only moderate differences in their association and dissociation kinetics under neutral pH and near-physiological ionic strength are likely to form stable i-motif structures in vivo. These observations open an avenue for the identification of genomic C-rich sequences capable of forming stable i-motifs in vivo and provide essential information for the design and development of i-motif-based DNAn anodevices/biosensors for intracellular applications. [12] In biological terms,o ur results support the concept that i-motif structures may act as active regulators of genomic DNAa nd potential drug targets. [3, 4, 13] 
